ABSTRACT DNA methylation is a general epigenetic mechanism for plants, animals, and fungi to adapt to environmental variation. Two biotypes of the Russian wheat aphid (Diuraphis noxia), Biotype 1 and Biotype 2, have different virulence to host plants. In this study, in addition to a high polymorphism, DNA methylation at cytosines were observed in genomic fragments of four genes in Biotype 1 and Biotype 2, after the genomic DNA was treated with sodium bisulÞte. These genes presumably encode proteins and enzymes in salivary glands of aphids. The two Biotype 1 showed different methylation levels, that is, Biotype 1 showed a higher methylation on the four genes. Two thirds of methyl cytosines were in a sequence context of CHH (H ϭ A, C, or T). Some polymorphism and methylation sites were located at important positions in terms of enzyme function, such as close to catalytic residues or inhibitor binding residues. These Þndings may provide clues to explore the evolutionary mode between Russian wheat aphid virulence and resistance genes of host plants.
Epigenetic systems play key roles in adaptation to environmental variation and regulation of phenotypic plasticity (Moczek and Snell-Rood 2008) . Methylation of DNA at cytosine residues is one of the main epigenetic mechanisms that regulate genomic imprinting, X-chromosome inactivation, silencing of transposons, and expression of endogenous genes in eukaryotes (Regev et al. 1998) . DNA methylation is conserved in many plants, animals, and fungi, and is thought to occur "globally" in vertebrates, whereas invertebrates, plants, and fungi have "mosaic" methylation (Henderson and Jacobsen 2007 , Goll and Bestor 2005 , Suzuki and Bird 2008 . For many years it was thought that very little, if any, methylation occurred in insect genomes. Recent evidence from several insect species has suggested a more complicated role for DNA methylation in insects. For example, DNA methylation has a key role in regulating queen determination in honey bees, Apis mellifera L. (Kucharski et al. 2008) , and organophosphate-resistant green peach aphids, Myzus persicae (Sulzer), are methylated within the gene responsible for the resistance phenotype E4 esterase gene (Field et al. 1996) .
The Russian wheat aphid, Diuraphis noxia (Mordvilko) (Homoptera: Aphididae), is one of the most notorious phloem-feeding pests, and mainly damages wheat, Triticum aestivum L., and barley, Hordeum vulgare L. (Stoetzel 1987) . It has a worldwide distribution (apart from Australia) across major small grain production areas, and causes signiÞcant yield and quality losses in several countries (Puterka et al. 1993 , Zhang et al. 1999 .
Based on the chlorotic damage responses to Russian wheat aphid feeding in barley and wheat cultivars containing resistance genes Dn1 to Dn9, Þve biotypes have been designated (Burd et al. 2006) : Biotype 1 is the most avirulent biotype, which only can colonize cultivars carrying Dn1, Dn8, or Dn9; Biotype 2 is virulent to cultivars containing any of the Dn genes other than Dn7; Biotype 3 is the most virulent biotype, which can colonize cultivars carrying any of the Dn genes; and Biotype 4 and Biotype 5 are virulent to seven and Þve resistance cultivars, respectively. Although many differences in virulence were observed among these biotypes, their genetic differences do not seem as prominent, at least for Biotype 1 and Biotype 2, as disclosed by the mitochondrial gene encoding cytochrome oxidase I and several simple-sequence repeat loci (Shufran and Payton 2009) . In contrast, in a recent study, we observed large amounts of polymorphism sites in several Russian wheat aphid salivary-gland transcripts, which encode proteins and enzymes of salivary glands, both within Biotype 1 and Biotype 2 and between these two biotypes (Cui et al. 2011) .
In this study, we aim to describe differences, if any, in DNA methylation levels at cytosine residues be-tween Biotype 1 and Biotype 2 in the Russian wheat aphid. We treated genomic DNA of parthenogenesis aphids with sodium bisulÞte, and compared the methylation levels of four putatively salivary-gland transcribed genes that encode proteins and enzymes of salivary glands, between the two biotypes. The importance of methylation sites toward encoded enzymes was predicted based on the conservation of primary sequences and the positions in tertiary structures. (Qureshi et al. 2005) .
Materials and Methods

Insects
Genomic DNA Extraction and Sodium Bisulfite Treatment. Genomic DNA of Biotype 1 and Biotype 2 was extracted from 10 adult aphids of parthenogenesis using the CTAB method as described in Roger and Bendich (1988) . The DNA was divided in two aliquots: one was used directly as polymerase chain reaction (PCR) template and the other was treated by sodium bisulÞte, which converts unmethylated cytosines to uracils and leaves methyl cytosines unchanged in genome, before used as PCR template. In total, 300 ng of DNA was treated with EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, CA), following the protocol of the manufacturer. After PCR ampliÞcation, the cytosines that turn to thymines were unmethylated sites and the unchanged cytosines were methylation happening sites in the genome.
Gene Cloning, Sequencing, and Analysis. Genomic fragments of four genes were cloned from genomic DNA of Biotype 1 and Biotype 2: dipeptidyl carboxypeptidase, sucrase, trehalase, and C002. The primers for each gene were designed based on our previous work on their cDNA sequences (Cui et al. 2011) . The sizes of PCR products were estimated with reference to their homologs in the pea aphid (Acyrthosiphon pisum Harris) genome (International Aphid Genomics Consortium 2010). Because of a long intron insertion between two exons of sucrase in the pea aphid, this gene was divided into two fragments for PCR ampliÞcation in the Russian wheat aphid genome and named as sucrase fragment 1 and sucrase fragment 2. The information of primer pairs and size of PCR product for each gene fragment before and after the sodium bisulÞte treatment were detailed in Table 1 .
The 50 l PCR mixture contained 20 ng of genomic DNA, 0.25 M of each primer, 0.2 mM of each dNTP, and 2.5 U of LA Taq polymerase (Takara, Otsu, Shiga, Japan) in a 1 ϫ reaction buffer. The LA Taq is a thermostable DNA polymerase having 3Ј 3 5Ј exonuclease activity (proof reading activity). Under general PCR conditions, higher efÞciency and higher Þ-delity are obtained compared than conventional TaqDNA polymerases. The PCR was run on a thermocycler (Eppendorf, Westbury, NY) with a denaturing step at 94ЊC for 5 min, followed by 35 cycles of 94ЊC for 30 s, 55ЊC or 52ЊC for 30 s, 72ЊC for 30 s or 1 min, and a Þnal extension of 5 min at 72ЊC. After separated and puriÞed from 1% agarose gel with AxyPrep gel extraction kit (AXYGEN, Union City, CA), PCR products were connected with the pGEM-T easy vector (Promega, San Luis Obispo, CA) and transfected into DH5␣ cells. At least Þve independent clones for each gene before and after the sodium bisulÞte treatment were sent to BGI Company (Beijing, China) for sequencing.
The obtained sequences were aligned using the online ClustalW2 sever at EBI (www.ebi.ac.uk/Tools/ clustalw2/index.html) to identify the polymorphism sites. The normalized CpG content (CpG O/E ) for each gene was calculated as
where P CpG , P C , and P G are the frequencies of CpG dinucleotides, C nucleotides, and G nucleotides, respectively, estimated from each gene.
Protein Structure Prediction. To determine the relative positions of the polymorphism and methylation sites to the conservative or active regions of enzymes, the deduced amino acid sequences of dipeptidyl carboxypeptidase, sucrase, and trehalase from Russian wheat aphids were sent to I-TASSER online sever (http:// zhanglab.ccmb.med.umich.edu/I-TASSER) for tertiary structure modeling. Three parameters were provided along the predicted models: 1) C-score, a conÞdence score for estimating the quality of predicted models, typically in the range of [-5 , 2] (C-score of higher value signiÞes a model with a high conÞdence); 2) TM-score; and 3) RMSD; both TM-score and RMSD are known standards for measuring the accuracy of structure modeling. A TM-score Ͼ0.5 indicates a model of correct topology (Wu et al. 2007 , Zhang 2008 . The primary amino acid sequences of these three enzymes from Russian wheat aphids were The polymorphism sites in bold were observed in PCR products after methylation treatment. No, synonymous mutation.
a The total no. polymorphism sites divided by the length of cloned fragments. The polymorphism sites in bold were observed in PCR products after methylation treatment. No, synonymous mutation; -, polymorphism sites located in introns.
a The total no. polymorphism sites divided by the length of cloned fragments.
b Sucrase fragment 1 and sucrase fragment 2 were counted together in this table. The polymorphism sites in bold were observed in PCR products after methylation treatment. No, synonymous mutation. -, polymorphism sites located in introns.
aligned with the homologous enzymes from other organisms using the online ClustalW2 server at EBI.
Results
Sequence Analysis of the Cloned Genes. The fragments of four genes C002, dipeptidyl carboxypeptidase, sucrase, and trehalase, presumably expressed in salivary glands of Russian wheat aphids, were cloned from the genomes of Biotype 1 and Biotype 2. The fragment lengths of C002 and dipeptidyl carboxypeptidase were 261 bp and 198 bp, respectively, and only covered exon regions (Table 1 ; Fig. 1A, B) . For sucrase and trehalase there were introns in the cloned fragments (Fig. 1C,   D , and E) and they presumably encoded 270 (two sucrase fragments together) and 120 amino acid residues, respectively. These sequences were deposited in GenBank for reference. Based on the sequencing results and suitability of primers, shorter fragments of each gene within the original sequencing regions were ampliÞed by PCR on sodium bisulÞte treated DNA templates for sequencing (Table 1) .
Sequence Polymorphism. To identify sequence polymorphism of the cloned genes, at least Þve clones for each gene before and after the sodium bisulÞte treatment were sequenced and compared with each other in a mixture of 10 adult aphids of parthenogenesis. More polymorphism sites were observed in sucrase (35) and trehalase (49) than in C002 (9) and dipeptidyl carboxypeptidase (6) ( Tables 2 through Table 4 ). Trehalase had the highest variation rate among the four genes, that is, 3.7 and 3.9% of the cloned fragment in Biotype 1 and Biotype 2, respectively. Most of the variations were detected only once within biotypes, but some variations were found more than once, such as sites 26, 258, and 946 in sucrase of Biotype 2 (Table 3) . For the four genes, there were 45 polymorphism sites in Biotype 1 and 54 in Biotype 2. This difference was mainly because of sucrase, where Biotype 1 and Biotype 2 had 14 and 21 polymorphism sites, respectively. The two biotypes only shared nine polymorphism sites, that is, 258, 668, and 946 in sucrase (Table 3) , and 52, 95, 169, 296, 344, and 504 in trehalase (Table 4) .
Gene Methylation. The methyl cytosines in the four genes of the two biotypes were identiÞed by treating the genomic DNA of 10 parthenogenic adult aphids from each biotype with sodium bisulÞte. Among the cloned 1,337 bp of genomic fragment (the total length of the four genes), there were 18 methylation sites in Biotype 1 and 12 in Biotype 2 (Table 5 ). The two biotypes shared one methylation site, that is, the nucleotide 401 in trehalase. The methylation ratios, in Biotype 1 and Biotype 2, respectively, were 9.52 and 6.35% when compared with the number of cytosines (189), and 1.35 and 0.90% when compared with the whole length (1,337 bp). Eight methyl cytosines, Shaded methylation sites are thymines in genome before sodium bisulÞte treatment; nonshaded methylation sites are cytosines in genome before sodium bisulÞte treatment. No, synonymous mutation when methyl cytosines convert to uracils in genome. -, methylation sites located in introns.
a Methyl cytosine is the Þrst cytosine in the three nucleotides. b The methylation site is adenine in genome before sodium bisulÞte treatment. a H ϭ A, C, or T. Most of the methylations were detected once in 10 Ð13 clones, and only the methylation at the site 560 in trehalase of Biotype 1 was observed twice in 11 clones. Three types of methylation were observed according to the sequence context of the cytosines, namely CG, CHG, and CHH (H ϭ A, C, or T). Two thirds of DNA methylation happened at CHH in the four genes in each biotype (Table 6 ). The GC contents of the cloned fragments of the four genes ranged between 0.35Ð 0.46, and the normalized CpG contents (CpG O/E ) ranged between 0.56 and 1.23 (Table 7) . Of the four genes, trehalase had the most methylation sites, totally 16 in the two biotypes. C002 had the most differentiated rates of methylation between the two biotypes, 1.8% in Biotype 1 versus 0.45% in Biotype 2 in the 220 bp of range. There was no methylation site in the cloned fragment of dipeptidyl carboxypeptidase.
Bioinformatic Analysis on the Teritary Structure of Three Enzymes. The tertiary structures of deduced dipeptidyl carboxypeptidase, sucrase, and trehalase from Russian wheat aphid were modeled by the I-TASSER online server. The accuracies of the estimated models for the three enzymes were high, as shown with large C-scores and TM-scores, and small RMSD scores (Table 8 ). The tertiary structure of deduced C002 protein from Russian wheat aphid was not predicted because of lack of the homologous templates from other organisms. The conserved polymorphism and methylation sites causing nonsynonymous mutations of the three enzymes were labeled in their predicted structures.
According to the crystal structure of Drosophila angiotensin I-converting enzyme (Kim et al. 2003) , there were Þve catalytic residues in the cloned Russian wheat aphid fragment, including H29, A30, H59, E60, and H63. The three polymorphism sites, Q10, K20, and N50 that cause nonsynonymous mutations were located far away from these catalytic residues ( Fig.  2A) .
For the sucrase of Russian wheat aphid there were 12 polymorphism sites and two methylation sites that cause nonsynonymous mutations (Table 3 ). The polymorphism sites T95, W176, R197, T220, and T223, and the methylation site S221 were conserved across dif- Fig. 2 . Predicted tertiary structures of dipeptidyl carboxypeptidase (A), sucrase (B), and trehalase (C) from Russian wheat aphid. The structure of sucrase incorporates the two fragments (sucrase fragment one and fragment 2). Yellow, catalytic residues. Purple, polymorphism sites. Red, methylation site. Green, inhibitor binding sites. "m" in red, methylated polymorphism sites. ferent organisms (Fig. 3) . According to the crystal structure of Bacillus cereus, oligo-1, 6-glucosidase (Watanabe et al. 1997 ), D60, E128, and D194 were catalytic residues. The polymorphism sites T95, R197, and T223 were close to these catalytic residues in the three-dimensional structure of the enzyme (Fig. 2B) .
For the trehalase of Russian wheat aphid there were 21 polymorphism sites and 13 methylation sites that cause nonsynonymous mutations (Table 4 ). The polymorphism sites W23, Y77, G86, G87, Q94, and F97, and the methylation sites W23, P31, and T100 were conserved through alignment of homologous trehalases from various organisms (Fig. 4) . Based on the known three-dimensional structure of a trehalase from Escherichia coli (Gibson et al. 2007) , the cloned fragment of Russian wheat aphid trehalase contained catalytic
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A.pisum residue E75 and inhibitor binding residues E90 and Y91. The polymorphism sites, Y77, G86, G87, Q94, and F97, and the methylation sites A28, P31, P93, and T100 were located close to either the catalytic residue or the inhibitor binding residues (Fig. 2C ).
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Discussion
In this study, high polymorphism and DNA methylations at cytosines were observed in four genes, presumably encoding proteins and enzymes in salivary glands, of two biotypes of Russian wheat aphid. Biotype 1 showed a lower polymorphism and a higher methylation level than Biotype 2 for the four genes. Some polymorphism sites and methylation sites were located at important positions in terms of enzyme function. For example, the P31F of trehalase, in which two cytosines in the code are methylated, was located in the catalytic region; the P93L of trehalase, where the methyl cytosine was detected twice, was located closely to inhibitor binding sites. Whether these polymorphism sites and methylation sites of the four proteins are related to the different virulence of the two biotypes need be veriÞed in further work.
Based on the study of 1,337 bp of gene body area in Russian wheat aphid genome, we detected that 6.35 to 9.52% of cytosines were methylated. This methylation level is much higher than in other insects, estimated from the entire genome level, such as 0.17% in the honey bee (Lyko et al. 2010) , 0.11% in the silkworm (Bombyx mori L.) (Xiang et al. 2010) , and 0.69% in the pea aphid (A. pisum) (Walsh et al. 2010 ). This unusual high methylation level in Russian wheat aphid could be factual, considering that the measured genes were putatively expressed in salivary glands of aphids and encode proteins in saliva; however, the limited length of sequence checked may not reßect the epigenetic picture of the whole genome. Another unusual phenomenon in Russian wheat aphid is that two thirds of methyl cytosines were in a sequence context of CHH, whereas most methylations happened at CG in the honey bee, silkworm, and pea aphid (Lyko et al. 2010 , Walsh et al. 2010 , Xiang et al. 2010 . It is generally thought that CG methylation is maintained by Dnmt1 DNA methyltransferases, and CHH methylation is maintained by Dnmt3 methyltransferases Bestor 2005, Feng et al. 2010 ). Considering such a high ratio of CHH methylation from these four genes, the Dnmt3 methyltransferases may play a key role on the maintenance of DNA methylation in Russian wheat aphid.
The GC contents of the cloned fragments of the four genes of Russian wheat aphid ranged between 0.35Ð 0.46, similar to the pea aphid, whose genome has a GC content of 29.6% and whose transcripts show a higher GC content of 38.8% (International Aphid Genomics Consortium 2010). The pea aphid, like the honey bee, exhibits a bimodal distribution of the frequency of genes with different ratios of CpG O/E , suggesting two broad classes of genes with different methylation sta- Before the sodium bisulÞte treatment, two situations of methylation sites were observed in the three genes of Russian wheat aphid: 1) cytosines detected in all clones and 2) thymines detected in all clones (Table 5). Minor clones showed methyl cytosines after the sodium bisulÞte treatment in both the situations of methylation sites. We speculate that in the second situation the mutations from methyl cytosines to thymines were Þxed in the adult stage under positive selection. Another possibility is that most of thymines at these sites were not from methyl cytosines and they were factual polymorphism sites.
Our work revealed DNA methylation in several genes that are putatively expressed in salivary glands of Russian wheat aphid, and documented different methylation levels between two Russian wheat aphid biotypes with different virulence toward hosts. These Þndings may provide clues to explore the evolutionary mode between Russian wheat aphid virulence and resistance genes of host plants.
